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Background: Swine edema disease is caused by Shiga toxin Stx2e-producing Escherichia coli.
Results: A potent Stx2e-neutralizing nanobody, NbStx2e1, was discovered; the crystal structure of the NbStx2e1-Stx2e complex
uncovers the molecular basis of the Stx2e inhibition.
Conclusion: NbStx2e1 directly prevents the binding of Stx2e to host cell receptor.
Significance: NbStx2e1 can be employed to prevent Stx2e-mediated disease.

Shiga toxin Stx2e is the major known agent that causes edema
disease in newly weaned pigs. This severe disease is character-
ized by neurological disorders, hemorrhagic lesions, and fre-
quent fatal outcomes. Stx2e consists of an enzymatically active
A subunit and five B subunits that bind to a specific glycolipid
receptor on host cells. It is evident that antibodies binding to the
A subunit or the B subunits of Shiga toxin variants may have the
capability to inhibit their cytotoxicity. Here, we report the dis-
covery and characterization of a VHH single domain antibody
(nanobody) isolated from a llama phage display library that con-
fers potent neutralizing capacity against Stx2e toxin. We further
present the crystal structure of the complex formed between the
nanobody (NbStx2e1) and the Stx2e toxoid, determined at 2.8 Å
resolution. Structural analysis revealed that for each B subunit
of Stx2e, one NbStx2e1 is interacting in a head-to-head orienta-
tion and directly competing with the glycolipid receptor binding
site on the surface of the B subunit. The neutralizing NbStx2e1
can in the future be used to prevent or treat edema disease.

Shiga toxin Stx2e-producing strains of Escherichia coli are
the major cause of edema disease (ED)5 in newly weaned pig-
lets. This is a disease that is highly contagious and leads to
neurological disorders, hemorrhagic lesions, and frequent fatal
outcome (1, 2). The structure of Stx2e holotoxin was previously
determined (3), and like other Shiga toxin variants, Stx2e con-

sists of an enzymatically active A subunit and five B subunits
that bind to a specific glycolipid receptor on host cells. The A
subunit confers N-glycosidase activity that specifically cleaves
an adenosine base in the 28 S rRNA of the 60 S ribosomal sub-
units, inhibiting protein synthesis in target cells. The B subunits
of Stx2e, on the other hand, bind to the glycolipid receptor,
globotriaosylceramide (Gb3), or preferentially to globotetrao-
sylceramide (Gb4) (4) receptors that are present in the porcine
small intestine, where, through endocytosis, the holotoxin is
internalized into target cells.

The high mortality rate in Stx2e-producing E. coli-infected
pigs has had dire economic consequences for the swine indus-
try. To date, no vaccine or effective therapeutic agent is avail-
able for the treatment of ED, and the standard treatment is the
use of antibiotics. However, excessive use of antibiotics and the
prevalence of antibiotic-resistant porcine Stx2e-producing
E. coli isolates are of increasing concern, underscoring the
urgent need to develop new therapeutic approaches. Recently,
an immunoprophylaxis approach, where piglets and sows were
immunized with a genetically inactivated Stx2e (Stx2e toxoid),
showed promising results (5). Immunized piglets and pregnant
sows were protected against Stx2e toxin challenge. Moreover,
immunized pregnant sows provide high levels of passive anti-
bodies in piglets (5).

It has been shown that antibodies binding to the A subunit
or the B subunits of Shiga toxin variants have the capability
to inhibit their cytotoxicity (6 –11). Two of these monoclo-
nal antibodies (mAbs), ShigamAbs (Thallion Pharmaceuti-
cals) (8) and Urtoxazumab (Teijin) (12), are undergoing clin-
ical trials. Despite the promising preclinical and early
clinical results, there are several considerations to be taken
into account in the development and application of these
mAbs, including the difficulty and the high cost of optimiza-
tion and production of mAbs, the mode and timing of deliv-
ery of mAbs, and whether they are likely to mitigate or alter
the outcome of the diseases.

The promising preclinical and early clinical results of these
mAbs have spurred significant interest to exploit VHH single

The atomic coordinates and structure factors (code 4P2C) have been deposited in
the Protein Data Bank (http://wwpdb.org/).
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domain antibodies (nanobodies) (13) derived from camelids
that possess significant advantages over conventional antibod-
ies. While conferring high affinity and antigen specificity, the
relative smaller size of the nanobodies, their high stability and
solubility, and their easy and cost-effective production make
them a propitious therapeutic agent (14). Moreover, the ame-
nability of nanobodies as multivalent molecules that recognize
a number of targets has significant therapeutic applications
(14). Indeed, a recent study has identified nanobodies that neu-
tralize Shiga toxin variant Stx1 and/or Stx2 (15). This study
further showed that fusing multiple nanobodies that recognize
the Stx1/2 B subunits results in a potent cross-specific nano-
body that confers protection in mice against Shiga toxin chal-
lenge (15). The exact molecular mechanism of inhibition of this
nanobody, however, remains to be established.

In this study, we described the identification and character-
ization of a potent Stx2e-neutralizing nanobody, NbStx2e1, and
further elucidated the structural basis for its mechanism of neu-
tralization. The co-complex structure uncovers atomic details
of the NbStx2e1 paratope-epitope interactions and further
shows that the neutralization of Stx2e cytotoxicity by NbStx2e1
is achieved by direct interaction with the Stx2e B subunit bind-
ing site for glycolipid, thereby impeding toxin-host cell recep-
tor contacts.

EXPERIMENTAL PROCEDURES

Production of Stx2e Toxin, Stx2e Toxoid, and Stx2 Crude
Extract—The construction, expression, and purification of
Stx2e toxin and toxoid (with mutations at two amino acid posi-
tions (Y77S and E167Q) in the active site of the A subunit) were
as described previously by Oanh et al. (5). For Stx2, total
genomic DNA from E. coli strain C600 (933W) (16) was used
as template to amplify the stx2 operon with primers Stx2-2
(5�-GGGGACCACTTTGTACAAGAAAGCTGGGTAATG-
CCTCAGTCATTATTAAACTGCACTTC-3�) and Stx2-3 (5�-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGGT-
GCTGATTACTTCAGCCAAAAG-3�). The resulting PCR
fragment was cloned in the pDONR221 vector using the BP
reaction (Gateway Technology, Invitrogen) and transformed in
CaCl2-competent DH5� cells. Transformants were selected on
LB medium supplemented with 25 �g/ml kanamycin and
sequenced with the primers SeqLA and SeqLB (5) located in the
pDONR221. A positive clone, pHD983, was selected to introduce
the stx2 operon into the expression vector pDEST14 (Gateway
Technology, Invitrogen) using the LR reaction yielding pHD914.
The clone harboring pHD914 was induced at 1 mM isopropyl �-D-
1-thiogalactopyranoside at 37 °C. Cells were collected and sus-
pended in PBS. The cell suspension was disrupted by sonication,
and crude extract of Stx2 was clarified by centrifugation.

Ethics Statement—All animal vaccination experiments were
executed in strict accordance with good animal practices, fol-
lowing the European Union animal welfare legislation and after
approval of the local ethical committee (Committee for the Use
of Laboratory Animals at the Vrije Universiteit Brussel). Every
effort was made to minimize animal suffering.

Llama Immunization with Stx2e Toxoid—A llama was
immunized six times with 330 �g of purified Stx2e toxoid over
a period of 6 weeks. From the anti-coagulated blood of the

immunized llama, lymphocytes were used to prepare cDNAs
that served as a template to amplify the open reading frames
coding for the variable domains of the heavy chain antibodies.
The PCR fragments, encoding the open reading frames of the
nanobodies, were ligated into the pMES4 (GenBankTM acces-
sion number GQ907248) phage display vector and transformed
in E. coli TG1 cells (17). The selection of Stx2e-specific nano-
bodies was performed by phage display. After selection, phages
were eluted by incubating the Stx2e-coated wells with 100 mM

triethylamine (pH 10) for 10 min. The Stx2e-coated wells were
then washed once with Tris-HCl (pH 6.8) and several times
with PBS, and freshly grown TG1 cells were added to the wells
to recover the non-eluted phages. After two rounds of panning,
90 individual colonies were selected and grown in 2� TY
medium supplemented with ampicillin and induced with 1 mM

isopropyl �-D-1-thiogalactopyranoside for expression of solu-
ble periplasmic nanobodies. The periplasmic extract was sub-
jected to ELISA to assess the presence of nanobodies recogniz-
ing purified Stx2e toxoid.

Expression and Purification of Stx2e-specific Nanobodies—
Nanobodies were expressed and purified as described previ-
ously by Conrath et al. (18). Briefly, E. coli strain WK6 harbor-
ing plasmid encoding a nanobody bearing a C-terminal His tag
was grown at 37 °C in lysogeny broth (LB) medium supple-
mented with 100 �g/ml ampicillin. Cells were induced at
A600 nm of 0.9 with 1 mM isopropyl �-D-1-thiogalactopyrano-
side at 28 °C overnight, and the nanobody was isolated by
periplasmic extraction of cells. Nanobodies were purified using
a HisTrap FF (Fast Flow) column (GE Healthcare) and sub-
jected to a 20 mM to 1 M imidazole linear gradient in 20 mM Tris,
pH 8.0, 1 M NaCl. Fractions containing the nanobody, as judged
by SDS-PAGE, were pooled and dialyzed against PBS overnight
at 4 °C. The purity of the isolated nanobodies was assessed in
SDS-PAGE.

Enzyme-linked Immunosorbent Assay (ELISA) of Stx2e Tox-
oid and Nanobodies—To assess the interaction of nanobodies
with Stx2e toxoid, Nunc MaxiSorpTM flat-bottom 96-well
plates (eBioscience) were coated with purified Stx2e toxoid at 2
�g/ml suspended in coating buffer (NaHCO3 at pH 8.4). The
wells were washed three times with PBST (PBS and 0.2% (v/v)
Tween 20) and blocked with 2% skimmed milk in PBS. A serial
dilution of nanobodies was performed with a starting concen-
tration for each nanobody of 20 �g/ml. The interaction of
nanobodies with Stx2e toxoid was detected using a mouse
monoclonal anti-histidine tag antibody (AbD Serotec) followed
by alkaline phosphate-conjugated goat anti-mouse IgG
(Sigma). The reaction was developed in the presence of p-nitro-
phenyl phosphate substrate (Sigma), and absorbance was read
at 405 nm.

Stx2e Neutralization Assay—The Stx2e toxin-neutralizing
activity of nanobodies was assessed in a Vero cell-based assay,
as described previously (5). Briefly, 2-fold serial dilutions of
nanobodies in PBS were performed with a starting concentra-
tion of 500 ng/ml and incubated at room temperature for 30
min in the presence of an equal volume of purified Stx2e toxin
at a predetermined dilution (2 ng/ml). The Stx2e toxin/nano-
body mixtures were added to wells of a 96-well plate (Falcon
BD) containing a confluent culture of Vero cells (ATCC CCL-
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81) grown in Dulbecco’s modified Eagle’s medium, supple-
mented with 5% fetal bovine serum. After a 1-day incubation in
a humidified incubator (5% CO2 environment), medium was
removed, and the remaining cells were fixed with 2% formalde-
hyde in PBS for 5 min. Cells were then stained with 0.13% (w/v)
crystal violet dissolved in 5% ethanol, 0.2% formaldehyde, PBS
for 5 min. Cells were washed six times with water. Cell-ad-
sorbed crystal violet was extracted in 200 �l of 50% ethanol plus
PBS, and absorbance was measured at 595 nm. Nanobody-only
and toxin-only controls were included in the assays. The results
were expressed as percentage viability compared with that of
control Vero cells in the presence of nanobody without toxin
(100% viability) and with toxin only (0% viability). The IC50
values were calculated by nonlinear regression analysis using
GraphPad Prism.

Surface Plasmon Resonance (SPR) Measurements—SPR experi-
ments were carried out using a Biacore 3000 instrument (GE
Healthcare). The surface of a CM5 sensor chip was activated
with a 1:1 mixture of 0.1 M N-hydroxysuccinimide and 0.4 M

1-ethyl-3-(3-dimethylamino-propyl) carbodiimide hydrochlo-
ride. After activation of the surface the Stx2e toxin (20 �g/ml)
in 10 mM sodium acetate, pH 3 was injected to flow cell 2 (FC2)
to be immobilized on the sensor surface via primary amine
groups present on Stx2e. As a control the surface of FC1 was
activated with N-hydroxysuccinimide/1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride. Residual unreacted
active ester groups were blocked with 1 M ethanolamine HCl,
pH 8.5. NbStx2e1 was flowed over the chip surface with con-
centrations ranging from 0.122 to 250 nM in HBS buffer (10 mM

HEPES, 150 mM NaCl, 1 mM EDTA, 0.005% Tween 20, pH 7.4)
at a flow rate of 20 �l/min at 25 °C. Data were evaluated using
the software BIAeval, and a Langmuir binding model with a 1:1
stoichiometry was fitted to the data, from which the rate con-
stants kon and koff and the dissociation constant KD were
obtained.

Complex Formation, crystallization, and Data Collection—
The purified Stx2e toxoid was added to the purified NbStx2e1
in equimolar concentration and dialyzed against 20 mM Tris,
pH 8.0. The dialyzed sample was then subjected to HisTrap FF
column (GE Healthcare) purification. Prior to loading the sam-
ple onto the column, 1 M NaCl was added and then subjected to
a 20 mM to 1 M imidazole linear gradient in 20 mM Tris, pH 8.0,
1 M NaCl. Fractions containing the Stx2e toxoid-NbStx2e1
complex, as judged by SDS-PAGE, were pooled and dialyzed
against 20 mM Hepes, pH 8.0, 100 mM imidazole, 500 mM NaCl.
The complex was concentrated to 12 mg/ml. Crystallization of
Stx2e toxoid-NbStx2e1 complex was achieved at 20 °C by vapor
diffusion with 0.5-�l sitting drops and a complex/well solution

(0.5 M succinic acid, pH 7.0, 0.1 M Bistris propane, pH 7.0) ratio
of 1:1 (v/v).

Structure Determination and Refinement—Single-crystal
x-ray wavelength diffraction data were collected at 0.98-Å
wavelength at the Diamond Light Source beamline I24. Data
were indexed and processed to 2.82 Å resolution using XDS
(19) (Table 1). The crystals belonged to the P 21 21 2 space group
containing one Stx2e molecule and five NbStx2e1 molecules
per asymmetric unit. Data were phased by molecular replace-
ment (Phaser) (20) using the coordinates of the previously
determined Stx2e structure (Protein Data Bank code 1QOH)
(3) and a nanobody structure of NBKB6 (Protein Data Bank
code 4AQ1) (21). The model was rebuilt and refined against the
native data to 2.8 Å resolution using iterative cycles of the
graphics program COOT (22) and Phenix refine (23), resulting
in a final model with R- and free R-factors of 19.0 and 24.5,
respectively. The model contains 1212 residues, 98% of which
fall within the generally allowed regions of the Ramachandran
plot (Table 1).

RESULTS

Selection of Stx2e-recognizing Nanobodies—To obtain nano-
bodies that recognize Stx2e, a llama was immunized with puri-
fied Stx2e toxoid from Oanh et al. (5). The PCR fragments of the
nanobody repertoire generated from the llama lymphocyte’s
cDNAs were cloned into the phage display vector pMES4 (17).
A nanobody library of 2.5 � 107 transformants was obtained
with an insert rate of at least 87% as determined by PCR. Eight
Stx2e-recognizing nanobodies were identified through two
successive rounds of panning. The experimental panning con-
ditions were similar to those reported by Ghahroudi et al. (24).
Amino acid sequence analysis revealed that these nanobodies
belong to six unique families on the basis of differences in their
complementarity-determining region CDR3 (Fig. 1).

The production of selected nanobodies as soluble His-tagged
proteins was achieved after transforming the corresponding
pMES4 vector carrying the nanobody genes in E. coli WK6 cells.
Periplasmic extract of nanobodies carrying a C-terminal His tag
was purified by nickel-immobilized metal affinity chromatog-
raphy. The produced nanobodies were found to be highly pure
(�95%) as judged by Coomassie-stained SDS-PAGE (data not
shown).

The purified nanobodies were tested in ELISA to confirm
their capability to recognize Stx2e toxoid. The ELISA results
confirmed that all of the eight nanobodies recognized Stx2e
toxoid at varying degrees in a dose-dependent manner (Fig. 2).
Four of these nanobodies, NbStx2e1, NbStx2e2, NbStx2e3, and

FIGURE 1. Amino acid sequences alignment of isolated nanobodies recognizing Stx2e. Amino acid sequence analysis revealed that these nanobodies
belong to six different families, based on the CDR3 variation. FR1– 4 denote the structural framework regions, and CDR1–3 indicate the complementarity-
determining regions. The amino acid sequences are numbered according to IMGT numbering (38). The six-histidine residue tag at the C terminus of each
nanobody has not been included in the alignment.
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NbStx2e6, showed strong binding to Stx2e toxoid and were
selected for further characterization.

Protection of Stx2e Killing of Vero Cells by Nanobodies—The
capability of the selected Stx2e toxoid-recognizing nanobodies
to neutralize Stx2e toxin was assessed in a Vero cell-based neu-
tralization assay. Of the nanobodies tested, NbStx2e2 and
NbStx2e3 showed a lack of neutralizing potency at concentra-
tions lower than 500 ng/ml. NbStx2e1 conferred the most
potent neutralizing capacity in a dose-dependent manner with
an IC50 value of 116 ng/ml (�8 nM) (95% confidence interval:
99 –136 ng/ml; R2 � 0.97) and followed by NbStx2e6 with an
IC50 value of 265 ng/ml (21 nM) (95% confidence interval: 201–
349 ng/ml; R2 � 0.96) (Fig. 3). The promising neutralizing
potency of NbStx2e1 prompted further elucidation of the neu-
tralization mechanism of Stx2e by NbStx2e1 using x-ray
crystallography.

Structural Insight into the Inhibitory Mechanism of
NbStx2e1—For safety reasons and because of the need to pro-
duce protein in a large enough quantity for protein crystallog-
raphy, we used Stx2e toxoid for the subsequent experiments.
The complex between NbStx2e1 and the Stx2e toxoid was co-
purified, and the structure was determined to a resolution of 2.8
Å (Table 1). Fig. 4 shows that Stx2e consists of a catalytic A
subunit of 297 amino acids with N-glycosidase activity and a
pentamer of B subunits (68 amino acids). The B subunit of
Stx2e is essential to interact preferentially with the globot-
etraose (GalNAc�1–3Gal�1– 4Gal�1– 4Glc, Gb4) receptor,
the latter present on the target cells as a glycolipid. The carboxyl
end of the A subunit forms an �-helix that protrudes through
the pore of the B-pentamer. In the earlier determined crystal
structure of Stx2e, the last six residues of the A subunit of the
Stx2e structure were disordered (3). In our crystal structure,
only the last lysine residue from Stx2e remained undetectable
in the electron density map, and it shows that the C-terminal
part of the A subunit extends slightly outward from the B sub-
unit pore (Fig. 4). Termination mutations introduced in two of
the last six residues showed no effect on the proteolytic pro-
cessing or enzymatic activity in Stx2 (25). Furthermore, the
stretch of amino acid residues from position 242 to 258 of the A
subunit of Stx2e is not visible in the electron density map.

For each B subunit of Stx2e, one NbStx2e1 is interacting in a
head-to-head orientation (Fig. 4) and directly competing with
the glycolipid receptor binding site on the B subunits (Figs. 5
and 6). Binding of Stx2e to the cell surface is a crucial initial
step in the cytotoxicity, and the interaction of Stx2e with the
target receptors on host tissue is obstructed by the steric
hindrance the NbStx2e1 nanobodies impose upon binding.
Each NbStx2e1 molecule is involved only in interactions with
one single B subunit. When examining the interaction surface
in more detail, all three CDRs of NbStx2e1 provide affinity and

FIGURE 2. Specificity of purified nanobodies to Stx2e toxoid. The purified
nanobodies were titrated in an indirect ELISA against purified Stx2e toxoid at
2 �g/ml. All of the eight nanobodies recognized the Stx2e toxoid at varying
degrees in a dose-dependent manner.

FIGURE 3. Protection of Vero cells killing by Stx2e in the presence of nano-
bodies. The percentage of Vero cell viability in the presence of NbStx2e1,
NbStx2e2, NbStx2e3, or NbStx2e6 (nanobody) at varying concentrations was
calculated using the formula, (A595 of nanobody and Stx2e � A595 with Stx2e
only)/(A595 of nanobody only � A595 with Stx2e only) � 100. Experiments
were repeated twice. Data are representative of replicate experiments pre-
sented as sample means � S.E. (error bars).

TABLE 1
Data collection, crystal parameters, and refinement statistics for the
complex between Stx2e and NbStx2e1

Beamline I24 Diamond Light Source
Wavelength (Å) 0.98
Space group P 21 21 2
a, b, c (Å) 191.8, 88.2, 100.7
Resolution (Å) 44.1-2.82 (3.01-2.82)a

Rmeas (%) 19.4 (81.4)
	I/�I
 7.1 (2.7)
No. of unique reflections 42,054 (7496)
Completeness (%) 99.9 (100.0)
Multiplicity 6.0 (6.0)
Rwork/Rfree (%)c,d 19.0/24.5
Wilson B-factor 45.2
Average B-factor

Protein (Å) 34.6
Solvent NAe

Root mean square deviations
Bond lengths (Å) 0.0105
Bond angles (degrees) 1.415

No. of atoms (except hydrogen) 9539
Residues in allowed regions (%)

of Ramachandran plot
98

Protein Data Bank entry 4P2C
a Statistics for the outer resolution shell are given in parenthesis.
b Rmeas � �h(nh/nh � 1)�l�Ihl � 	Ih
�/�h�l	Ih
, where nh is the number of obser-

vations for reflection h, Ihl is the intensity for observation l of reflection h, and
	Ih
 is the average intensity for reflection h.

c Rwork � �hkl�Fo� � �Fc 845�/�hkl�Fo�.
d Rfree is defined as above but calculated for 5% of randomly chosen reflections

that were excluded from the refinement.
e Not applicable.
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specificity to the interaction with Stx2e (Fig. 5, A and B). On
CDR1, the side chain of Arg-30 is forming hydrogen bonds with
the side chains of Asp-16 and Thr-18 of the Stx2e B subunit. In
addition, the main chain oxygen atom of Arg-30 forms a hydro-
gen bond with the side chain of Asn-31 of NbStx2e1. On the
CDR2 loop, the main chain oxygen atom of Tyr-54 is interact-
ing both with the side chain of Ser-53 and the main chain amide
group of Asn-54. Ser-53 of the NbStx2e1 is forming a hydrogen
bond with the side chain of Asn-31. On the CDR3 loop, Glu-100
forms hydrogen bonds with the side chains of Asn-31 and Arg-
32, the carboxyl of Gly-102 forms a hydrogen bond with the

main chain amide group of Trp-33, and finally the side chain
hydroxyl group of Tyr-104 forms a hydrogen bond with the side
chain of Asn-34. In addition, Trp-33 of the Stx2e B subunit is
involved in a hydrophobic stacking interaction with the side
chain of Tyr-104 (Fig. 5, A and B). The side chain of Asn-73,
located on framework region 3, interacts with the carboxyl
group of Gly-59.

FIGURE 4. Crystal structure of inhibitory NbStx2e1 in complex with the
Stx2e toxoid. Stx2e is composed of a catalytic A subunit (red) and a pentamer
of glycolipid-binding B subunits (blue) that are arranged around a C-terminal
�-helix from the A subunit. NbStx2e1 (green) is interacting with the B subunit
in a way such that five molecules are able to bind simultaneously to Stx2e
without any steric hindrance. The co-complex crystal structure reveals that
NbStx2e1 is directly competing with the glycolipid binding pocket on the
surface of Stx2e. NbStx2e1 and Stx2e are depicted in a schematic represen-
tation. Disulfide bridges are depicted in a stick model and colored yellow.

FIGURE 5. Close up of the interaction between NbStx2e1 and Stx2e. A, one NbStx2e1 molecule interacts with one B subunit of Stx2e. All three complemen-
tarity-determining regions (CDR1–CDR3) of NbStx2e1 are involved in the interaction. Amino acid residues important in binding are shown in a stick model and
named. The interaction is mainly governed by the formation of stabilizing hydrogen bonds, although Trp-33 of the B subunit forms a hydrophobic stacking
interaction with Tyr-104 of NbStx2e1. NbStx2e1 is colored green, and the Stx2e B subunit is cyan; CDR1–3 of NbStx2e1 are colored orange, purple, and yellow,
respectively. Hydrogen bonds stabilizing the interaction are depicted as red dashed lines. B, amino acid sequence of NbStx2e1 and Stx2e B subunit. Green boxes
indicate NbStx2e1 structural framework regions FR1– 4; the complementarity-determining regions CDR1–3 of NbStx2e1 are represented in orange, purple, and
yellow boxes, respectively. Interacting residues of NbStx2e1 and Stx2e are shown in red. The amino acid sequence of NbStx2e1 is numbered according to IMGT
numbering (38).

FIGURE 6. NbStx2e1 directly competes with the sugar binding site on the
Stx2e surface. Shown is a comparison of the binding site of NbStx2e1 (left)
and globotriaose (Gb3) (right) on the surface of the B subunit of Stx2e. Multi-
ple residues on the Stx2e surface can be seen to interact both with NbStx2e1
and globotriaose, and these residues are named. NbStx2e1 thus directly com-
petes with the glycan binding site of Stx2e. The B subunit of Stx2e is depicted
in a schematic representation and colored gray, whereas NbStx2e1 and glo-
botriaose are depicted in schematic and stick representations, respectively,
and colored yellow. Interacting residues are shown in a stick model with oxy-
gen and nitrogen atoms colored red and blue, respectively. Hydrogen bonds
are highlighted as green dotted lines. The structure of Stx2e in complex with
Gb3 was obtained from the Protein Data Bank (accession code 2BOS).
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Affinity of NbStx2e1 for Stx2e—The strength of the interac-
tion between NbStx2e1 and Stx2e was quantified using SPR.
Stx2e was covalently immobilized via its free amine groups, and
multiple injections at different concentrations of NbStx2e1
revealed a binding profile with high association and low disso-
ciation rates (Fig. 7). When fitted to a 1:1 binding model, an
apparent KD was determined of roughly 4 nM with kon and koff
values of 7.63 � 105 M�1 s�1 and 3.01 � 10�3 s�1, respectively.
The nanomolar affinity interaction between Stx2e and NbStx2e1
corresponds to the potent neutralizing capacity of NbStx2e1 and
further confirms the extensive hydrogen bond network, as
observed in the structure of the Stx2e-NbStx2e1 complex.

DISCUSSION

Currently, there is no specific therapeutic agent available to
prevent and treat infection by Shiga toxin-producing E. coli
despite decades of research and development efforts. The role
of antibiotic prophylaxis to prevent Shiga toxin-producing
E. coli infection remains controversial because of the possibility
of enhancing the production and release of Shiga toxins (26,
27). To date, immunotherapy remains a therapeutic approach
of choice given that specific antibodies are capable of neutral-
izing preformed toxin (28). Moreover, by targeting preformed
toxin, selection pressure is removed from the bacteria, reducing
the chance of antibiotic resistance. There have been a number
of murine or human mAbs against Shiga toxin developed over
the years, as reviewed by Chow and Casadevall (28) and more
recently an engineered multivalent Stx1/Stx2 cross-specific
VHH (15). The majority of these neutralizing agents are B sub-
unit-specific with a few exceptions that are A subunit-specific,
namely mAbs 11E10 (7) and 5C12 (29). Despite a multitude of
studies, the detailed molecular mechanism for inhibition of
these neutralizing mAbs and VHH remains elusive.

Stx2e-producing strains of E. coli have been implicated as a
causative agent of ED in neonatal piglets (30). ED is highly con-
tagious and can result in neurological disorders, hemorrhagic
lesions, and frequent fatal outcome. The high mortality rate in

Stx2e-producing E. coli-infected pigs has a severe economic
impact on the swine industry. The lack of effective therapeutic
agents for treatment of ED and the prevalence of antibiotic-
resistant porcine Stx2e-producing E. coli isolates signal an
urgent need to develop new therapeutic approaches. It has been
shown that immunization of piglets and sow with Stx2e toxoid
resulted in protection against Stx2e toxin challenge (5). This
suggests that Stx2e-neutralizing antibodies can be an effective
treatment for ED. Furthermore, the highly conserved amino
acid sequences (more than 99% identical) of Stx2e among the
Stx2e-producing E. coli strains isolated from pigs with ED,
humans, environment, and food (31–33) satisfy the essential
criteria for its use as an immunotherapy target.

In this study, we generated a nanobody phage display library
by immunizing a llama with Stx2e toxoid and isolated eight
Stx2e-recognizing nanobodies. These nanobodies were expressed
as soluble proteins in E. coli, and their dose-dependent interac-
tions with Stx2e were confirmed using ELISA. Of the four
nanobodies that showed strong recognition of Stx2e toxoid,
NbStx2e1 exhibited the most potent neutralizing activity, with
an IC50 value of 116 ng/ml (8 nm) against Stx2e toxin in a Vero
cell cytotoxicity assay. The potent neutralizing activity of
NbStx2e1 corresponded to the high affinity interaction (KD � 4
nM) with Stx2e as measured by SPR. We also further showed
that NbStx2e1 was specific for Stx2e and was not able to neu-
tralize Shiga toxin variant Stx2 (Fig. 8).

To gain molecular insight into the neutralization mechanism
of NbStx2e1, crystallization of the NbStx2e1-Stx2e complex
was performed. Our crystal structure of this complex uncov-
ered that NbStx2e1 sterically prevents the binding of Stx2e to
host cell receptor by direct interaction with the Stx2e B subunit
(Figs. 4 and 5). The NbStx2e1 epitope overlaps with the ligand-

FIGURE 7. NbStx2e1 interacts with high nanomolar affinity with Stx2e.
The interaction between NbStx2e1 and Stx2e was assayed using SPR. Sensor-
grams were obtained of varying concentrations (0.122–250 nM) of NbStx2e1
injected over immobilized Stx2e. The curves were fitted using a 1:1 Langmuir
binding model and demonstrated that NbStx2e1 recognizes the toxin in the
low nanomolar range. Fitted curves are shown in black, whereas the original
data are represented by the colored curves. RU, resonance units.

FIGURE 8. Protection of Vero cell killing by Stx2 or Stx2e toxin in the pres-
ence of NbStx2e1. The percentage of Vero cell viability in the presence or
absence of NbStx2e1 at varying concentrations was calculated using the for-
mula, (A595 of nanobody and Stx2e � A595 with Stx2e only)/(A595 of nanobody
only � A595 with Stx2e only) � 100. Data are representative of replicate exper-
iments presented as sample means � S.E. Approximately 10 times the 50%
cytotoxic dose (predetermined concentration; data not shown) of Stx2 or a
total of 2 ng/ml Stx2e toxin was used for each sample.

Neutralization Mechanism of Shiga Toxin Stx2e

SEPTEMBER 5, 2014 • VOLUME 289 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 25379



binding site of the B subunit (Fig. 6). Mutational analysis
showed that conserved Arg-32 and Gly-59 residues of the B
subunit are pivotal for Stx1 and Stx2 cytotoxicity (34). More-
over, Gly-59 in the Stx2e B subunit has also been shown to be
involved in trisaccharide binding (3). In corroboration with this
finding, these residues indeed constitute part of the epitope
recognized by NbStx2e1 (Fig. 6). Our findings provide the first
structural evidence for the mechanism of inhibition of Stx2e by
NbStx2e1 that will pave the way for future therapeutic use of
nanobodies against Shiga toxins.

With respect to ED treatment, the potent NbStx2e1 identi-
fied in this study can potentially be expressed and delivered
through animal feed, as exemplified by a recent study (35). In
this study, anti-enterotoxigenic E. coli (anti-F4 fimbriae) nano-
bodies were grafted onto the Fc part of porcine immunoglobu-
lin IgA and expressed in Arabidopsis thaliana seeds. Ground
seeds were mixed with piglet starter feed and conferred oral
passive protection to weaned piglets against enterotoxigenic
E. coli infection (35). Alternatively, intravenous administration
of NbStx2e1 is a possibility. For this approach, given the small
size of the nanobody and the lack of the Fc region, modifica-
tions may be required to further improve NbStx2e1 serum
half-life. Several methods have been reported, including
grafting of nanobodies onto porcine immunoglobulin (36)
and PEGylation, the covalent attachment of polyethylene
glycol polymer chains to nanobodies, to reduce rapid blood
clearance in guinea pigs (37).

In summary, we have isolated and expressed eight nanobod-
ies that recognize Stx2e. We have identified and characterized
these nanobodies, and NbStx2e1 was found to confer potent
neutralization capability against Stx2e cytotoxicity through
high affinity interaction with the B subunit of Stx2e. The crystal
structure of the NbStx2e1-Stx2e complex unambiguously
uncovers the position and orientation of the bound NbStx2e1
to the B subunit of Stx2e. The intrinsic properties of nanobod-
ies (high target affinity and specificity, stability, and ease of
expressing at high yields in recombinant organisms) make
them an attractive therapeutic agent.
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